Objective: To determine if metformin improves markers of infl ammation, thrombosis, and intrahepatic fat contents in children with uncomplicated obesity. Methods: Obese children with normal glucose tolerance but elevated highly sensitive C-reactive protein (hsCRP) and/or fi brinogen concentrations ( > 2 standard deviations) were randomized to structured diet/exercise or diet/exercise and metformin for 6 months. Blood samples, dual energy X-ray absorptiometry data, and liver magnetic resonance images were obtained. Results: Forty-two of 66 recruited children (7 -18 years) completed 6 months. Weight loss was modest but more pronounced in the metformin group ( -4.9 ± 1.0 kg) than in the diet/exercise group ( -1.7 ± 1.1 kg, p < 0.03), whereas hsCRP and fi brinogen decreased more in the diet/exercise pubertal group. Baseline intrahepatic fat was high but decreased only in the diet/exercise (not metformin) pubertal group. Conclusions: Six months of metformin therapy improved weight loss and reduced abdominal adiposity, but did not enhance the benefi cial effect of diet and exercise on markers related to infl ammation, thrombosis, or hepatic fat in obese children with normal glucose tolerance.
Introduction
The exponential increase in childhood obesity ( ∼ 17 % of US youth) (1, 2) is associated with increased incidence of dyslipidemia, hypertension, and impaired fasting glucose (components of the metabolic syndrome), which predisposes to cardiovascular disease in adults. We previously showed that children with uncomplicated obesity (those without these co-morbidities) had marked increases in concentrations of highly sensitive C-reactive protein (hsCRP), fi brinogen, interleukin 6 (IL-6), and plasminogen activator inhibitor-1 (PAI-1), refl ective of a pro-infl ammatory and pro-thrombotic state, even before co-morbidities of the metabolic syndrome are present, and even before the onset of puberty, as compared to lean, age-matched controls (3) . These data support more aggressive interventions in very young obese children regardless of the absence of associated co-morbidities. In earlier studies lifestyle modifi cations improved several cardiovascular risk factors, but failed to restore them to control values in obese children.
Metformin is an insulin-sensitizing biguanide approved for treatment of children with type 2 diabetes (T2D). Its mechanism of action is complex, facilitating insulin-induced suppression of gluconeogenesis and reducing inhibition -and inducing expression of glucose transporters, increasing glucose utilization (4) . It does not undergo hepatic metabolism, causes no hypoglycemia, and has an excellent safety record in children (5 -14) . Studies have shown variable and modest improvements in measures of insulin sensitivity in obese children with normal glucose tolerance when using metformin for 4 -6 months (8, 10, 12, 14) , but little is known about the effect of metformin, along with diet and exercise, on other measures associated with cardiovascular risk. It is unclear whether the combination of metformin and exercise would have synergistic effects. We therefore designed these studies to determine whether metformin would have a synergistic effect with a program of lifestyle modifi cation with structured diet and exercise, to improve infl ammatory status and thrombosis-related markers children with uncomplicated obesity before the establishment of co-morbidities of the metabolic syndrome. Changes in intrahepatic fat contents were assessed as well, as an exploratory aim.
Methods

Study subjects
The institutional review committee at Wolfson Children ' s Hospital approved the studies, and informed parental consent and child ' s assent were obtained. The study was registered at http://www.clinicaltrials.gov (NCT00139477).
Children with uncomplicated obesity were selected among those that participated in a recent cross-sectional study of pro-infl ammatory and pro-thrombosis markers in obese vs. lean, age-matched controls (3) with hsCRP and/or fi brinogen concentrations > 2 standard deviations above the mean. Uncomplicated (exogenous) obesity was defi ned as a body mass index (BMI) > 95th percentile for US standards for < 5 years, and normal blood pressure (BP), glucose tolerance, and total cholesterol. Recruitment was balanced for gender and prepubertal and late pubertal stage [ ≥ Tanner IV breasts (females) or genitals (males)]. Menstruating girls were sampled more than 2 weeks after their period. Chronic illness, medications, alcohol use, and smoking were exclusions from participation.
Study procedures
At screening, a physical exam including Tanner staging and sitting BP ( × 5) was performed; waist circumference was measured at umbilicus; and height and weight measured with a Harpenden stadiometer and digital scale. BMI (kg/m 2 ) and BMI % were determined using Centers for Disease Control standards (1) . Blood glucose (BG) was measured (One Touch Ultra, Lifescan Inc, Milpitas, CA, USA) (15) , and those with fasting BG > 100 mg/dL, or BP elevated for age-specifi c standards were excluded from further participation and referred for further medical evaluation. Fasting blood samples were obtained for hormones, cytokines, metabolites and substrates, and lipid and liver panels. If total cholesterol was > 200 mg/dL, subjects were dropped from the study.
At baseline, a 3-h oral glucose tolerance test was performed and those with impaired glucose tolerance (fasting ≥ 5.6 < 7.0 mmol/L, 2 h ≥ 7.8 < 11.1 mmol/L) were excluded from further participation (16 
Hepatic magnetic resonance imaging and dual energy X-ray absorptiometry
Intrahepatic fat content was measured using fast magnetic resonance imaging (MRI) as previously described (17, 18) . This technique quantitates hepatic fat fraction by replacing the standard spin echo sequence with a fast gradient echo sequence reducing scan time, usually within a single breath for most children. A single radiologist (DM) analyzed all scans using a GE 1.5 Tesla MRI scanner (Signa HDx series model, GE, Fairfi eld, CT, USA). Dual energy X-ray absorptiometry (DEXA) scan was performed to measure body composition (Hologic Discovery A S/N 45903; Hologic, Waltham, MA, USA).
Randomization
After baseline studies, subjects were randomly assigned to diet and exercise or diet, exercise, and metformin for 6 months. Randomization assignments were balanced for pubertal status.
Interventions
Metformin was started at 250 mg orally, twice daily (bid), before meals titrating up to 500 mg bid in those < 12 years old and 1000 mg bid as tolerated in older children. Dietary counseling was provided with a recommended decrease of ∼ 250 -500 calories/day, using resting energy expenditure results as a guide. Intense follow-up was provided weekly by the research dietician for 4 weeks, then monthly until 3 months, then again at 6 months. Subjects received a free family membership to their local Young Men's Christian Association (YMCA), or in those < 9 years old to Velocity Sports Performance Gym for the study. Subjects were carefully instructed on equipment use and encouraged to exercise at least three times per week for 30 min per session; children < 9 years of age were required to engage in active play activities at home. An activity diary was kept, and pedometers were worn during the day to document physical movement. Physical exam, anthropometry, waist circumference, and blood samples were repeated at 3 and 6 months; body composition determination (DEXA) and liver MRI were repeated at 6 months. Subjects also had biweekly phone calls from the study staff.
Assays
HsCRP and fi brinogen concentrations were measured in our laboratory by immuno-nephelometry (Siemens Healthcare Diagnostics, Deerfi eld IL, USA) (3) , with an hsCRP lower sensitivity of 0.156 mg/L. IL-6 was measured by enzyme-linked immunosorbent assay ( ELISA; R&D Systems, Minneapolis, MN, USA), PAI-1 by ELISA (American Diagnostica, Stamford, CT, USA), adiponectin by radioimmune assay (RIA) (Linco Research Inc., St. Charles, MO, USA), and insulin-like growth factor-I (IGF-I) levels by RIA (Diagnostic Systems Laboratories Inc., Corporate Webster TX, USA). Insulin levels were determined by RIA using Beckman kits (Beckman Coulter, Brea, CA, USA). The homeostatic model assessment (HOMA) for insulin sensitivity was calculated as fasting glucose (mmol/L) × fasting insulin ( μ IU/mL)/22.5. Free fatty acids (FFA) were measured by colorimetric assay (Hoffman-La Roche Ltd., Basel, Switzerland) and liver transaminases by standard analyzers.
Statistical analysis
Differences in hsCRP and fi brinogen concentrations at 6 months were the primary outcomes. An n = 42 completed subjects provided > 90 % power to detect signifi cant changes. Mean ± SE or medians (Q1, Q3) are shown as appropriate. For each variable of primary and secondary end points, a mixed model repeated measures analysis of variance was used to compare the overall difference in mean changes between two treatment groups. Changes from baseline and at 6 months were used as the model ' s dependent variables, each adjusted for gender and/or puberty as appropriate. A p-value < 0.30 was considered for these two variables to enter into the model. The least square (LS) mean of overall change, change from baseline to 6 months, were provided along with the p-value or 95 % confi dence interval. Nonparametric Mann Whitney U and Wilcoxon signed rank tests were used when necessary. Tests were two tailed, signifi cance p < 0.05. SAS version 9.1.2 (SAS Institute Inc., Cary, NC, USA) and SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) software were used.
Results
Sixty-six children enrolled (29 prepubertal and 37 pubertal), and their clinical characteristics are summarized in Table 1 .
Basel, prepubertal children were Tanner stage I genitals (males) or breasts (females). Some early Tanner stage II children were counted as prepubertal when distinction between breast and fat tissue was diffi cult, yet there was minimal or no pubic hair and estrogen (testosterone in males) was low. We intentionally recruited subjects in late puberty (Tanner stage IV or V). Subjects were well balanced by gender, height, and Tanner stage. Two subjects from the diet/exercise group were excluded owing to impaired glucose tolerance at baseline. Forty-two of 66 subjects completed 6 months and are included in the post-treatment analysis (n = 19 diet/exercise, n = 23 diet/ exercise/metformin) ( Figure 1 ). Subjects that dropped out were mainly lost to follow-up, relocated, or were no longer interested. The average dose of metformin was 1000 mg/day by 6 months. Compliance was monitored by frequent phone calls and subject self-report. The subjects that completed the trial were felt to be compliant with the medication.
Anthropometry and body composition
The metformin group lost 4.9 ± 1.0 kg (p < 0.001) vs. 1.7 ± 1.1 kg in the diet/exercise group (p = 0.123); p = 0.02 between groups. BMI and waist circumference also decreased more in the metformin group compared with the diet/exercise group. Fat mass percentage decreased in both groups. There were no differences in heart rate or BP in either group during treatment (Table 2 ) .
Carbohydrate, lipid metabolism, and energy expenditure
All subjects who were randomized had normal glucose tolerance with mean fasting BG of 4.9 ± 0.1 mmol/L at baseline and 6.2 ± 0.2 mmol/L at 2 h, and insulin concentration of 132 ± 14 pmol/L at baseline and 535 ± 49 pmol/L at 2 h [to convert glucose (mmol/L to mg/dL), divide by 0.0555; to convert insulin (pmol/L to μ IU/mL), divide by 6.945]. Fasting insulin concentrations increased less in the metformin group during the 6-month intervention. HOMA-IR, a measure of insulin resistance, was high in both groups at baseline (diet/ exercise: 5.2 ± 0.6, diet/exercise/metformin: 4.8 ± 0.4) and increased signifi cantly after 6 months in both groups (Table  3 ) . Adiponectin concentration, a measure of insulin sensitivity, increased comparably in both groups (Table 3 ) . LS means for total cholesterol and low-density lipoprotein cholesterol showed non-signifi cant changes in both groups, whereas high-density lipoprotein cholesterol increased mostly in the diet/exercise/metformin group (Table 3 ) . FFA concentrations did not change signifi cantly in either group. Resting energy expenditure rates were comparable between groups at baseline (diet/exercise: 36.1 ± 1.8 kcal/kg fat-free mass/day, diet/ exercise/metformin: 39.2 ± 2.2 kcal/kg fat-free mass/day, p = 0.28 between groups). No signifi cant differences were observed when data were analyzed by pubertal stage.
Infl ammation and thrombosis-related markers
The main outcome measures compared markers related to infl ammation and thrombosis in response to metformin in the diet/exercise vs. diet/exercise/metformin groups at 6 months. Many of these concentrations were not normally distributed, hence data are expressed as medians (interquartile range) (Figure 2 ). Infl ammation-related makers showed a trend toward lower hsCRP (p = 0.09) and lower IL-6 concentrations (p = 0.03) in the diet/exercise group as a whole, not in the metformin group at 6 months. Fibrinogen, a thrombosis-related marker, did not change signifi cantly but PAI-1 concentrations decreased more in the diet/exercise group at 6 months (p = 0.01). Subanalysis by prepubertal vs. pubertal stage showed the pubertal diet/exercise group had greater improvements compared with pubertal children in the diet/ exercise/metformin group over 6 months in hsCRP ( -2.2 ± 1.0 mg/dL vs. 1.0 ± 1.0 mg/dL, p = 0.035 between groups) and fi brinogen ( -111 ± 28 mg/dL vs. -30 ± 24 mg/dL, p = 0.048 between groups). There were no differences in degree of change in hsCRP and fi brinogen in prepubertal cohorts in the two groups. There were no signifi cant differences in prepubertal and pubertal children in the two groups at 6 months for change in PAI-1, IL-6, or adiponectin.
IGF-I concentrations
IGF-I concentrations were similar and did not change signifi cantly over 6 months in either group regardless of puberty [overall change diet/exercise: -78 ± 60 ng/mL (p = 0.04) vs. diet/exercise/metformin: -117 ± 55 ng/mL (p = 0.21)]. 
Intrahepatic fat content
Most children (95 % ) had increased intrahepatic fat contents at baseline (mean 10.0 % ± 0.6 % ) compared to reported data that suggest values > 5.5 % as abnormal (19 -21) . Overall, neither the diet/exercise group nor the diet/exercise/metformin group had a signifi cant impact on intrahepatic fat contents after 6 months, although there was a trend toward lower percentages of intrahepatic fat over time (diet/exercise baseline: 10.1 % ± 0.8 % , 6 months: 8.7 % ± 1.0 % , p = 0.09; diet/exercise/ metformin baseline: 9.3 % ± 0.8 % , 6 months: 8.2 % ± 0.4 % , p = 0.64). Subanalysis by pubertal stage and gender, however, revealed only the pubertal diet/exercise, not the metformin group, had signifi cant decreases in intrahepatic fat content after 6 months intervention (diet/exercise: -2.2 % ± 1.1 % , diet/ exercise/metformin: 0.7 % ± 0.5 % , p = 0.038 between groups).
Correlations
Correlation analysis was performed grouping data by treatment (diet/exercise vs. diet/exercise/metformin) for some of the key outcomes and two measures of adiposity, percentage fat mass and waist circumference. There was a positive correlation between fi brinogen concentrations with waist circumference (r = 0.488, p = 0.047), but no signifi cant correlation between levels of visceral adiposity and hsCRP or IL-6 concentrations (data not shown). There was a positive correlation between intrahepatic fat content and both percentage fat mass (r = 0.316, p = 0.05) and alanine aminotransferase (ALT) concentrations (r = 0.378, p = 0.025), as shown in Figure 3 . There was no correlation between decreases in BMI and decreases in hsCRP or fi brinogen concentrations.
Safety
Metformin was well tolerated and safe. None of the 66 subjects enrolled discontinued study drug because of side effects. Liver function tests remained normal during the studies.
Discussion
As lifestyle modifi cations are insuffi cient to normalize cardiovascular risk factors in obese children, we focused on the effect of metformin, in addition to lifestyle interventions, on pro-infl ammatory (hsCRP, IL-6) and pro-thrombosis factors To convert insulin to μ IU/mL, divide by 6.945; low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and total cholesterol (TC) to mg/dL, divide by 0.0259; triglycerides to mg/dL, divide by 0.0113. 
Figure 2
Boxplots of the changes in pro-infl ammatory markers hsCRP and IL-6 concentrations, and changes in pro-thrombotic markers fi brinogen and PAI-1 for the diet/exercise (DE) group and the diet/exercise/metformin (DEM) group at 6 months in the prepubertal (PP) and pubertal (P) groups. p < 0.05 between pubertal DE vs. DEM for hsCRP and fi brinogen. (fi brinogen, PAI-1) in a cohort of children with relatively uncomplicated obesity and normal glucose tolerance. We had previously reported these children to have signifi cant elevation of these markers as compared to lean, age-and pubertal-matched controls (3) . After 6 months of lifestyle intervention, we observed a modest but signifi cant improvement in weight, BMI, and waist circumference that was more pronounced in the metformin group vs. diet/exercise group. Adiponectin concentrations, a surrogate measure closely related to insulin sensitivity, improved comparably in both groups over 6 months. However, hsCRP and fi brinogen concentrations, the principal study outcomes, were lowered more in the pubertal diet/exercise group as compared with the diet/exercise/metformin group. Growth hormone (GH) defi ciency has been shown to be associated with increased markers of cardiovascular risk and GH to have positive effects on infl ammatory markers (22 -24) . As GH production rates are highest in puberty (25) , this may in part explain these more positive effects of diet/exercise in the pubertal cohort. The decrease observed in these markers was, however, modest and did not normalize any of these values as compared with our own data in a similar group of age-, puberty-, and gender-matched lean controls (3) . These data suggest that the effects of metformin on weight and insulin sensitivity are positive, albeit modest, in obese children without impaired glucose tolerance. It also suggests that metformin does not improve the pro-infl ammatory, prothrombosis state better than lifestyle intervention alone in youths with uncomplicated obesity. Adipocytes release IL-6, which stimulates hepatic production of CRP (26, 27) , a sensitive marker for systemic infl ammation. Fibrin formation, promoted by fi brinogen, is an important risk factor for coronary heart disease (28 -30) and its concentrations correlate with adiposity in children (31) through increases in fractional synthesis rates (32, 33) . PAI-1, the principal physiological inhibitor of fi brinolysis, is produced by adipocytes and may be causally related to obesity (34, 35) . We previously demonstrated signifi cant elevations in fi brinogen and PAI-1 concentrations in the same cohort, even in prepubertal obese children as compared to lean controls (3) . In the present study, the level of decrease in concentrations of fi brinogen was more signifi cant in the pubertal children in the diet/exercise-alone arm than in those also taking metformin after 6 months. These observations are intriguing as we had hypothesized that slightly better weight and fat loss associated with metformin (and consequent improvement in insulin sensitivity) would have resulted in better infl ammatory-and thrombosis-related profi le. These data suggest that metformin per se does not signifi cantly improve the measured markers of cardiovascular risk measured here, at least not at the level of visceral fat change detected. This may be related to the relatively modest weight and fat mass loss observed.
Deposition of liver fat can lead to non-alcoholic steatohepatitis and may be the consequence of both fatty infi ltration and oxidative stress, and is common in obese children (18, 36) . Metformin decreases ALT after 4 months in adults (37) and decreases biopsy-proven hepatic steatosis in children (38, 39) . Benefi cial effects were also reported in a large multiethnic group of obese children treated with metformin vs. placebo (13) . In our study, the average intrahepatic fat measured by rapid abdominal MRI was 10.0 % ± 0.6 % (range 4.7 % -28.7 % ), well above the 5.5 % considered normal (19, 21) , an increase observed in 95 % of baseline scans. These results were remarkable considering that approximately half of the cohort was prepubertal. Although normal, ALT concentrations were highly correlated with intrahepatic fat and they were not signifi cantly improved by either intervention. However, similar to the effects on hsCRP and fi brinogen, intrahepatic fat decreased signifi cantly in the lifestyle-alone pubertal group over 6 months. This lack of change in liver fat with metformin suggests that when the drug is combined with a structured program of diet/exercise, it does not have added benefi t on intrahepatic fat contents in the context of children with uncomplicated obesity and modest, not dramatic weight change.
Previous studies on metformin use in obese pre-diabetic children have yielded mixed results. A recent meta-analysis in obese, non-diabetic adults and adolescents suggests that metformin has positive, yet variable results in enhancing weight loss and improving metabolic parameters (11) . Srinivasan et al. (8) studied a more heterogeneous group of obese children treated with metformin or placebo for 6 months and observed benefi cial effects of metformin on weight, BMI, and fasting insulin, but not on insulin sensitivity or visceral adiposity. Love-Osborne et al. (10) compared weight changes in obese multiethnic adolescents and observed no group differences between metformin and placebo in weight loss measures, whereas other investigators showed a modest decrease in weight and BMI in obese adolescents with normal glucose tolerance treated with metformin vs. placebo (9, 12, 14, 40) . However, several recent studies in women with obesity, T2D, and polycystic ovary syndrome, and fi rst-degree relatives of patients with T2D, for example (41 -48) , have also shown a relative lack of effi cacy of metformin in normalizing measures of infl ammation (hsCRP) or thrombosis (fi brinogen) similar to our fi ndings here. Even in the diet/exercise group, the changes were modest and the intervention improved, but did not normalize the values as compared to normal children.
In conclusion, although the addition of metformin improved weight loss and reduced abdominal adiposity, a 6-month treatment program with metformin did not enhance the benefi cial effect of diet and exercise on markers related to infl ammation, thrombosis, or hepatic fat in obese children with normal glucose tolerance. Although the positive effects of lifestyle modifi cations were more pronounced in puberty, diet and exercise alone, even in a research-supported setting, only provides modest improvement in cardiovascular risk in young children with uncomplicated obesity. There remains a dire need for better pharmacological strategies to curb cardiovascular risk in this population.
